Peroxidase secretion and activity in the oxidation of polyphenols bisphenol A (BPA, 2,2-bis(4-hydroxyphenyl)propane) and lignin model compound (LMC, guaiacylglycerol-β-guaiacylether) were observed in a suspension cell culture of liverwort Heteroscyphus planus. When BPA was co-incubated in a suspension cell culture of liverwort for 5 days, it was depleted by approximately 63%. Oxidation of BPA was observed in culture filtrates of liverwort, and most of the oxidation products were insoluble higher molecular-weight compounds (30%). The oxidative degradation products of BPA and LMC were analyzed by GC-MS and were identified by comparing their retention time and MS spectra with those of the authentic compounds. BPA was degraded to 4-isopropenylphenol and p-hydroxyacetophenone. The formation of these products was examined using [ 2 H 14 ]-BPA. The lignin model compound was degraded to guaiacol, vanillin, coniferyl alcohol and ferulic acid. Biphenyl dehydrodimer was detected in both the reaction mixtures of the suspension cell culture and the culture filtrates incubated with the LMC. The dimer was identified as 1,1'-(4,4'-dihydroxy-3,3'-dimethoxy-5,5'-biphenylene)-bis[8-(2''-methoxyphenoxy)-7,9-propanediol] by 1D and 2D NMR analysis. The activity of secreted peroxidase in the suspension cell culture (0.045 U/mL) was slightly enhanced by addition of LMC (0.059 U/mL), p-cresol (0.064 U/mL), and 2,6-dimethoxyphenol (0.082 U/mL) 7 days after the beginning of incubation. [3] [4] [5] accounts for the implication of these enzymes in a broad range of physiological processes, such as auxin metabolism, lignin formation, cross linking of cell wall components and defense against pathogens or cell elongation. Peroxidases have also been widely used as important components of reagents for clinical diagnosis and various laboratory experiments. Because a wide range of chemicals can be modified by the catalytic activity of these enzymes, a possible application for peroxidases is the degradation of toxic phenolics in waste water. Thus, peroxidase production has been attempted using plant cultured cells [6, 7] or hairy roots [8, 9] , which secret these enzymes. The release of peroxidases by plant cells and the activity of these secreted enzymes in oxidizing aromatic compounds are well documented [10] . Nevertheless, there is little information available on the release of peroxidase and its activity in liverwort cultured cells. Liverworts are a rich source of terpenoids and lipophilic aromatic compounds [11] . Highly oxygenated terpenes and polyphenols have been isolated from intact plant [12] and cultured cells [13] [14] [15] [16] of Heteroscyphus planus. These oxygenated compounds were probably produced by oxidases such as peroxidases or laccase within the cells. In this paper, we describe secretion
Plant peroxidases [EC. 1.11.1.7] , often designated as class III peroxidases, catalyze oxidoreduction between H 2 O 2 and various reductants such as phenolics, lignin precursors, or secondary metabolites [1] . The diversity of the reactions catalyzed by plant peroxidases that can generate H 2 O 2 [2] and hydroxyl radicals [3] [4] [5] accounts for the implication of these enzymes in a broad range of physiological processes, such as auxin metabolism, lignin formation, cross linking of cell wall components and defense against pathogens or cell elongation. Peroxidases have also been widely used as important components of reagents for clinical diagnosis and various laboratory experiments. Because a wide range of chemicals can be modified by the catalytic activity of these enzymes, a possible application for peroxidases is the degradation of toxic phenolics in waste water. Thus, peroxidase production has been attempted using plant cultured cells [6, 7] or hairy roots [8, 9] , which secret these enzymes. The release of peroxidases by plant cells and the activity of these secreted enzymes in oxidizing aromatic compounds are well documented [10] . Nevertheless, there is little information available on the release of peroxidase and its activity in liverwort cultured cells. Liverworts are a rich source of terpenoids and lipophilic aromatic compounds [11] . Highly oxygenated terpenes and polyphenols have been isolated from intact plant [12] and cultured cells [13] [14] [15] [16] of Heteroscyphus planus. These oxygenated compounds were probably produced by oxidases such as peroxidases or laccase within the cells. In this paper, we describe secretion of peroxidase from H. planus cultured cells and enhancement of the peroxidase activity in liverwort culture by addition of phenolic compounds. Furthermore, we propose a decomposition mechanism for BPA using [ 2 H 14 ]-BPA and a major degradation pathway for LMC (guaiacylglycerol-β-guaiacylether) in suspension cell culture of liverwort.
Peroxidase activity was detected in the medium of a suspension cell culture of liverwort H. planus using a guaiacol test [17] . However, laccase activity was not detected using ABTS as a substrate [18] . During incubation at 25 o C for 13 days, peroxidase activity increased synchronously with the cell growth ( Figure  1 ). Peroxidase activity in the medium was fairly constant during the linear phase of cell growth for the first 5 days, and then sharply increased during rapid cell growth. Increases in peroxidase activity during rapid growth of cultured cells have been shown for tobacco [19] , bilberry [20] , and liverwort Marchantia polymorpha [21] . These results suggested that peroxidase has an active role during the growth of cells, particularly in polymerization of cell wall components [22] . Although the function of peroxidase in liverwort cell is not yet clear, the peroxidase activity in M. polymorpha was found to be closely associated with the cell wall, as has been observed in some higher plants, and an increase in the amount of peroxidase released from cells into the culture medium was shown to be caused by fragmentation of the cell wall which had been stripped from the cells during culture [21] . Several studies suggested that peroxidase activity in plants increases in response to various abiotic stresses, including chemical substances such as bornyl acetate [23] , pyrogallol and p-cresol [24] , and the release of peroxidase into the culture medium is proportional to the synthesis of peroxidase in cells [25] . Based on our assumption that phenolic compounds may act as a chemical stress for H. planus cells, we investigated whether phenolic compounds would enhance extracellular peroxidase activity in the suspension cell culture of liverwort. The culture containing 2,6-dimethoxyphenol, p-cresol, and LMC showed higher peroxidase activity (0.082, 0.064 and 0.059 U/mL, respectively) than the culture with no phenolic compounds (0.045 U/mL) 7 days after the beginning of incubation, suggesting that production of peroxidase may be induced by certain phenolic compounds. The cultures containing these phenolic compounds maintained slightly higher peroxidase activity until the end of cultivation. In contrast, peroxidase activity was decreased by the addition of 2-methoxy-4-methylphenol, and the color of the liverwort cells changed to dark brown after 2 days of incubation with 2-methoxy-4-methylphenol, suggesting that this compound may be toxic to the cells.
BPA is generally used as raw material for production of polycarbonates and epoxy resins, and is known as one of endocrine disruptors, which causes pollution to the environment including water and soil. Therefore, degradation of BPA is quite important. The chemical structure of BPA consists of two phenolic rings joined together through a bridging carbon and is similar to the lignin substructure. Lignin is the most abundant renewable aromatic polymer and one of the most recalcitrant biomaterials on earth. Peroxidases have been shown to catalyze the oxidation of lignin and toxic organic compounds including BPA [26, 27] . Since there is no report about oxidation of BPA and LMC by peroxidase from liverwort cell culture, we examined the oxidation of these compounds in a suspension cell culture of the liverwort.
After 5 days incubation, approximately 63% of the BPA was oxidized to other products in the suspension cell culture. Oxidation of BPA was also observed in culture filtrates. Culture filtrates supplemented with BPA produced insoluble reaction products, which were precipitated by centrifugation at 15,000 g; the amount isolated was 30% of the total initial amount of BPA used in this experiment (8 mg) . Moreover, the amount of BPA remaining in the culture filtrates was 59%. The insoluble products showed intense FD-MS ions signals at m/z 1016, 974, 762, 720, 508, and 482, which do not correspond to the molecular ion peaks of BPA dimer, trimer or tetramer. Although they gave a 4-Isopropenylphenol (1.69%) and p-hydroxyacetophenone (0.061%) were detected by GC-MS analysis in EtOAc extracts of culture filtrates incubated with BPA. The retention times (T R ) and mass spectra of these compounds were identical to those of authentic 4-isopropenylphenol, synthesized according to the reported method [28] , and commercially available p-hydroxyacetophenone, respectively. The amounts were calculated by comparing the total ion current (TIC)-GC peak areas of 4-isopropenylphenol and p-hydroxyacetophenone Figure 3 .
Based on the MS spectra of degradation products in Table 1 , we propose a possible degradation pathway for BPA (Figure 3 ). It is thought that the reaction proceeds via the phenoxy radical of BPA; an intermediate is formed by alkyl-aryl cleavage, and is then deprotonated to give 4-isopropenylphenol (path a), while p-hydroxyacetophenone is formed by alkylalkyl cleavage after hydroxylation of the intermediate compound (path b). (9% in the cell culture and 19% in the cultured filtrates). This dimer was identified as 1,1'-(4,4'-dihydroxy-3,3'-dimethoxy-5,5'biphenylene)-bis[8-(2''-methoxyphenoxy)-7,9-propanediol] by 1D and 2D NMR analysis, and by comparison of reported data for the dimer [29] .
Guaiacol (15.1%), vanillin (2.5%), coniferyl alcohol (2.1%) and ferulic acid (1.4%) were detected by GC-MS analysis in EtOAc extracts from the culture filtrates ( Table 2 ). The retention times (T R ) and mass spectra of these products were identical with those of the authentic compounds. Guaiacol, the main degradation product, was found in both the suspension cell culture and the culture filtrates; however, the other degradation products were found only in the culture filtrates. In order to elucidate the degradation process, authentic samples of vanillin and coniferyl alcohol were oxidized in suspension cell culture and in culture filtrates of liverwort. The amount of vanillin remaining in the culture filtrates after this process was 86%; however, this compound was barely present in the suspension cell culture, suggesting that it may be taken up by the liverwort cells. Three percent of vanillic acid was detected in both of the suspension cell culture and the culture filtrates incubated with vanillin. Coniferyl alcohol, in contrast, was depleted in both of the suspension cell culture and the culture filtrates, while vanillin (40%) was detected in the culture filtrates incubated with coniferyl alcohol.
Based on these results, a possible pathway for degradation of LMC by extracellular peroxidase in suspension cell culture of liverwort was proposed ( Figure 4 ). It is thought that LMC is degraded to guaiacol and coniferyl alcohol by cleavage of the β-O-aryl ether bond [30] . Coniferyl alcohol is oxidized to ferulic acid, which is then converted to vanillin. Direct transformation of ferulic acid to vanillin by elimination of the side chain carbons may occur [31] . Vanillic acid is then formed by oxidation of vanillin [32] . Although vanillic acid was not found in suspension cell culture or culture filtrates incubated with LMC, this compound may be rapidly converted to other products.
The oxidation reaction of BPA and LMC described above are thought to be catalyzed by extracellular peroxidase. These compounds were degraded to lower molecular weight compounds, and were also polymerized to higher molecular weight compounds. These results open up a possibility for liverwort cell culture as new alternative tool in bioremediation studies. The enhanced secretion of extracellular peroxidase from liverwort cells by certain phenolic compounds probably provides resistance against disease and environmental stresses. Further study is necessary to determine the physiological functions of secreted peroxidase in liverwort.
Experimental
General: UV absorbances were measured with a Hitachi U-2800 spectrophotometer. NMR spectra were recorded on a JEOL JNM-EX 270 FT-NMR and on a Bruker AMX-500 FT-NMR. GC-MS analysis was carried out using a Shimadzu QP-5000 MS spectrometer. FD-MS spectra were obtained on a JEOL JMS-SX102A MS spectrometer. HPLC analysis was performed on a Jasco 880-02 Ternary Gradient Unit.
Cultured cells: Callus induction of H. planus (Mitt.) Schiffn. has been described previously [13] . A suspension cell culture was started from a callus culture with an inoculum of 150 mg fresh weight in a 300 mL culture flask containing 60 mL of MSK-4 medium [33] . The suspension culture was propagated routinely by transferring 20 mL of old culture onto 60 mL of MSK-4 medium at 4-week intervals. The cultures were maintained in a rotary shaker (110 rpm) at 25 o C under continuous lighting of 3000 lux, and the 25-day-old cell cultures were used for this experiment.
Peroxidase activity and cell growth determination:
Suspension cell culture (8 mL) was poured into a 50 mL culture flask containing 20 mL MSK-4 medium. Thirteen flasks were prepared, and these were incubated for 13 days under the conditions described above. During the incubation time, the suspension cells in the flask were filtered using a nylon paper (Millipore, 0.45 μm), and the weight of dried cells in each culture was measured after 48 h drying at 70 o C. The resulting filtrate was used for peroxidase activity measurement.
Enhancement of peroxidase activity: MSK-4 medium (20 mL) and suspension cells (8 mL) were aseptically added to culture flasks containing 1 mg of each phenolic compound, p-cresol, 2-methoxy-4-methylphenol, 2,6-dimethoxyphenol, BPA and LMC. During the incubation time of 13 days, a portion of the culture (500 μL) was used for measuring peroxidase activity every day.
Peroxidase assay: Peroxidase activity was assayed by measuring oxidation of guaiacol to tetraguaiacol [17] at 470 nm (ε= 2.66 × 10 4 M -1 cm -1 ). The reaction mixture contained 1.6 mL of 0.06 M sodium phosphate buffer at pH 7.4, 1.6 mL of 30 mM guaiacol, and 0.2 mL of sample in a final volume of 3.6 mL. The reaction was initiated by addition of 0.2 mL of 12 mM H 2 O 2 . Peroxidase activities are expressed in units per mL (U mL -1 ), and one unit of activity is defined as the amount of enzyme that catalyzes the oxidation of 1.0 μmol of guaiacol per min.
Oxidation of phenolic compounds: Oxidation of BPA, LMC and authentic samples of LMC degradation products were performed in a set of 50-mL culture flasks. A set for each compound consisted of 10 culture flasks (8 culture flasks for BPA) containing 1 mg of each compound and 25 mL of suspension cell culture (without dilution). The cultures were incubated for 5 days under the conditions described above. In a separate experiment, the suspension cell culture was replaced with culture filtrate of liverwort.
Analysis of BPA oxidation product:
The suspension cell cultures incubated with BPA were filtered, combined, and extracted 3 times with equal volumes of EtOAc. The extract was concentrated to dryness, and then subjected to HPLC (Inertsil ODS, GL Sciences, 10 mm × 250 mm) using MeOH-H 2 O (60:40, v/v) at a flow rate of 1.5 mL/min to analyze the remaining BPA. The culture filtrates incubated with BPA were combined and centrifuged at 15,000 g for 15 min to collect the insoluble products. The precipitate was washed 3 times with distilled water and concentrated to dryness. The supernatant was extracted 3 times with equal volumes of EtOAc, and then concentrated to dryness. The remaining BPA in the EtOAc extract was analyzed using HPLC under the conditions described above.
Isolation of remaining LMC and dimer LMC:
The combined culture liquid from each suspension cell culture (250 mL) and culture filtrates (250 mL) incubated with LMC were extracted 3 times with equal volumes of EtOAc, concentrated to dryness, and subjected to HPLC (Daisopak ODS, Daiso, 20 mm × 250 mm) using MeOH-H 2 O (50:50, v/v) at a flow rate of 5 mL/min. Fractions containing the remaining LMC (T R 26.3-27.4 min) and dimer LMC (T R 54.7-57.0 min) were collected, concentrated to dryness and then analyzed using NMR. The amounts of remaining LMC and dimer LMC were determined by weighing the purified samples. 
GC-MS analysis of biodegradation products:
A portion of the EtOAc extracts from the oxidation experiments was subjected to GC-MS using a ZB-1 column (100% methylpolysiloxane, 30 m × 0.25 mm i.d., film thickness 0.5 μm) at an ionizing voltage of 70 eV and a mass scan rate of 0.5 s -1 for 50 -550 m/z. The carrier gas was He at 1.6 mL min -1 , and the injection volume was 1 μL. Injector and detector temperatures were 250 o C and 230 o C, respectively. For BPA degradation products and the corresponding authentic compounds, the initial column temperature was 60 o C for 5 min, elevated to 220 o C at 2 o C min -1 , and maintained for 20 min. For LMC degradation products and the corresponding authentic compounds, the initial column temperature was 100 o C, elevated to 220 o C at 2 o C min -1 , and maintained for 20 min. All of the degradation products were identified by direct comparison of their retention times and mass spectra with those of the authentic compounds. The concentrations of the degradation products were estimated by adding a known amount of an internal standard. pHydroxyacetophenone was used as internal standard for BPA degradation products, and guaiacol as an internal standard for LMC degradation products. The quantities of the degradation products were estimated on the basis of the increase in the peak areas of the internal standards and the relative peak areas of the degradation products to the corresponding internal standards. The authentic compounds ferulic acid and vanillic acid, and a portion of the EtOAc extract containing LMC degradation products, were methylated using diazomethane before being subjected to GC-MS.
Synthesis of 4-isopropenylphenol:
Authentic 4-isopropenylphenol was prepared by pyrolysis of BPA according to the reported method [28] . The product of 4-isopropenylphenol was distilled at 75 - 
